Janssen WJ. Fas ligand-expressing lymphocytes enhance alveolar macrophage apoptosis in the resolution of acute pulmonary inflammation. Am J Physiol Lung Cell Mol Physiol 307: L62-L70, 2014. First published May 16, 2014 doi:10.1152/ajplung.00273.2013.-Apoptosis of alveolar macrophages and their subsequent clearance by neighboring phagocytes are necessary steps in the resolution of acute pulmonary inflammation. We have recently identified that activation of the Fas death receptor on the cell surface of macrophages drives macrophage apoptosis. However, the source of the cognate ligand for Fas (FasL) responsible for induction of alveolar macrophage apoptosis is not defined. Given their known role in the resolution of inflammation and ability to induce macrophage apoptosis ex vivo, we hypothesized that T lymphocytes represented a critical source of FasL. To address this hypothesis, C57BL/6J and lymphocyte-deficient (Rag-1 Ϫ/Ϫ ) mice were exposed to intratracheal lipopolysaccharide to induce pulmonary inflammation. Furthermore, utilizing mice expressing nonfunctional FasL, we adoptively transferred donor lymphocytes into inflamed lymphocyte-deficient mice to characterize the effect of lymphocyte-derived FasL on alveolar macrophage apoptosis in the resolution of inflammation. Herein, evidence is presented that lymphocytes expressing FasL enhance alveolar macrophage apoptosis during the resolution of LPS-induced inflammation. Moreover, lymphocyte induction of alveolar macrophage apoptosis results in contraction of the alveolar macrophage pool, which occurs in a FasLdependent manner. Specifically, FasL-expressing CD8 ϩ T lymphocytes potently induce alveolar macrophage apoptosis and contraction of the alveolar macrophage pool. Together, these studies identify a novel role for CD8 ϩ T lymphocytes in the resolution of acute pulmonary inflammation. macrophage; resolution; alveolus; apoptosis; Fas ligand ACUTE INFLAMMATION IS CHARACTERIZED by recruitment of leukocytes, including neutrophils and mononuclear cells, to sites of injury or infection. For inflammation to resolve and the tissue to revert to its preinjured state, the recruited leukocytes must be cleared from the site. The processes that regulate the death and removal of neutrophils in the early resolution of inflammation are well described (14). However, the mechanisms that underlie the subsequent removal of macrophages in the resolution of inflammation have garnered less attention. We have recently identified that alveolar macrophages (AM⌽s) undergo apoptosis and local phagocytic clearance during the resolution of pulmonary inflammation and that this is required for the return of macrophage numbers to their preinflammatory levels (23).
ACUTE INFLAMMATION IS CHARACTERIZED by recruitment of leukocytes, including neutrophils and mononuclear cells, to sites of injury or infection. For inflammation to resolve and the tissue to revert to its preinjured state, the recruited leukocytes must be cleared from the site. The processes that regulate the death and removal of neutrophils in the early resolution of inflammation are well described (14) . However, the mechanisms that underlie the subsequent removal of macrophages in the resolution of inflammation have garnered less attention. We have recently identified that alveolar macrophages (AM⌽s) undergo apoptosis and local phagocytic clearance during the resolution of pulmonary inflammation and that this is required for the return of macrophage numbers to their preinflammatory levels (23) .
We have further demonstrated that AM⌽ apoptosis occurs via the extrinsic apoptotic pathway and proceeds through activation of the TNF-related death receptor Fas (CD95) on the macrophage cell surface (23) . However, the cellular source of the cognate ligand for Fas (FasL) is unknown (12) . The primary goal of the current study was to determine the source of FasL that drives macrophage apoptosis during the resolution of lung inflammation.
FasL is a type II transmembrane protein that is a member of the tumor necrosis factor superfamily (44) . FasL exists in both soluble and membrane bound forms. The extracellular domain of membrane-bound FasL can interact with the Fas receptor by direct cell-to-cell contact to induce apoptosis; alternatively, the extracellular domain can be processed by proteolytic matrix metalloproteinases to produce the soluble form, which can form multimers that bind the Fas receptor to induce apoptosis (48) .
In our previous studies with lipopolysaccharide (LPS)-and H1N1 influenza-induced inflammation, the peak of AM⌽ apoptosis occurred when AM⌽ and T lymphocytes were the predominant leukocytes in the alveolus (23) . In this regard, T lymphocytes are of particular interest as the source of FasL. Several recent reports have demonstrated that T lymphocytes attenuate the severity of acute lung injury and enhance its resolution (6, 11, 51) . Notably, while these studies focused on regulatory T lymphocytes, which downregulate proinflammatory cytokine production and enhance neutrophil apoptosis early in the resolution of pulmonary inflammation, the role of T lymphocytes in regulating macrophage apoptosis during the resolution of lung inflammation has not been fully explored. FasL-expressing T lymphocytes induce Fas-mediated apoptosis of macrophages in vitro (1, 6) . However, their in vivo effect has not been described. Given their known role in the resolution of inflammation and their ability to induce macrophage apoptosis in vitro, we hypothesized that T lymphocytes are the source of FasL that induces AM⌽ apoptosis and enhances the resolution of acute pulmonary inflammation.
To address the role of T lymphocytes on AM⌽ apoptosis during the resolution of inflammation, we exposed lymphocyte-sufficient and -deficient mice to intratracheal LPS to induce acute pulmonary inflammation. We demonstrate that T lymphocytes recruited to the alveolus express FasL, and that the absence of lymphocytes both impairs the induction of AM⌽ apoptosis and delays the contraction of the AM⌽ pool. Using mice expressing nonfunctional FasL, we further demonstrate that lymphocytes expressing FasL enhance AM⌽ apoptosis and clearance. Furthermore, we identify that FasLexpressing CD8
ϩ T lymphocytes have the greatest impact on the induction of AM⌽ apoptosis. These studies identify a novel role for CD8 ϩ T lymphocytes in the resolution of acute pulmonary inflammation.
METHODS
Animal protocol. This study was approved by and performed in accordance with the ethical guidelines of the Institutional Animal Care and Use Committee at National Jewish Health, Denver, Colorado. C57BL/6J, B6.129S7-Rag1tm1Mom/J (Rag-1 Ϫ/Ϫ ), B6Smn.C3-Fasl gld /J (gld), and C57BL/6-Tg(UBC-GFP)30Scha/J [green fluorescent protein (GFP)] mice were obtained from Jackson Laboratory (Bar Harbor, ME).
Lung inflammation. LPS (Escherichia coli 055:B5; List Biological Laboratories, Campbell, CA) in a dose of 20 g in 50 l of PBS was instilled using a modified feeding needle into the trachea of mice. Mice were sedated with isoflurane (Baxter, Deerfield, IL) before instillation.
Adoptive transfer of splenocytes. After the spleen was harvested from untreated mice, a single cell suspension was obtained by manually disrupting spleens through a 70-m cell strainer (BD Falcon, Bedford, MA) with Hanks' balanced salt solution (Mediatech, Manassas, VA). Following lysis of red blood cells, the splenocytes were refiltered with a 40-m cell strainer. The splenocytes were resuspended in sterile PBS at a concentration of 6 ϫ 10 6 cells/200 l and injected into the tail vein of a lymphocyte-deficient-recipient mouse. Adoptive transfer occurred immediately following intratracheal LPS instillation.
CD4 ϩ and CD8 ϩ T-cell purification and adoptive transfer. Splenocytes were isolated as described above, and CD4 ϩ and CD8 ϩ T lymphocytes were purified by magnetic bead enrichment using negative selection (Miltenyi Biotec, Bergisch Gladbach, Germany). Enriched CD4 ϩ and CD8 ϩ T cells were counted and resuspended in PBS. CD4 ϩ T lymphocytes were isolated by incubating the splenocyte cell suspension in a cocktail of biotin-conjugated monoclonal antibodies against CD8a, CD11b, CD11c, CD19, CD45R (B220), CD49b, CD105, anti-myosin heavy chain (MHC) class II, and Ter119. Following coincubation with magnetic beads conjugated to monoclonal anti-biotin antibodies, the splenocyte cell suspension was applied to a magnetic column to remove the labeled cells, and the flowthrough solution was collected containing the enriched CD8 ϩ T lymphocytes. CD4
ϩ and gamma-delta T lymphocytes made up Ͻ2%, respectively, of the CD3 ϩ T lymphocytes in the CD8 ϩ -enriched sample. CD4 ϩ T lymphocytes were isolated in an identical manner with the exception that biotin-conjugated monoclonal antibodies were directed against CD8 instead of CD4. This resulted in similar enrichment with minimal contamination of CD8 ϩ and gamma-delta T lymphocytes. Enriched CD4 ϩ and CD8 ϩ T cells were counted and resuspended in sterile PBS. CD4 ϩ or CD8 ϩ T cells were then adoptively transferred in a concentration of 1 ϫ 10 6 lymphocytes/200 l via tail vein injection into LPS-treated Rag-1 Ϫ/Ϫ mice. Isolation and quantification of cells from bronchoalveolar lavage. Bronchoalveolar lavage (BAL) was performed as previously described (25) . Leukocytes were quantified with a hemacytometer. Cell differentials were determined using Wright-Giemsa-stained cytospins. Cells were washed twice and resuspended in fixation and permeabilization solution (BD Biosciences, San Diego, CA) before preparation for flow cytometry.
Flow cytometry. Flow cytometry was performed on fixed cells as previously described (25) . Cells were treated with anti-CD16/CD32 for 30 min to block nonspecific Fc␥R-mediated binding. Macrophages were stained with monoclonal antibodies (Abs) directed at F4/80 (PE-Cy7), CD11b (eFluor450), and CD11c (APC-Cy7). Macrophage apoptosis was assessed with cleaved caspase-3. T lymphocytes were stained with monoclonal Abs directed at CD3 (eFluor450, PE-Cy7, FITC), CD4 (APC-Cy7, eFluor450, PE), CD8 (PE-Cy7, PerCPCy5.5, eFluor450), and FasL (PE, APC). All mAbs were from eBioscience (San Diego, CA) except FasL (BD Biosciences) and cleaved-caspase 3 (Cell Signaling Technology, Beverly, MA). Single cell suspensions were analyzed using an LSRII flow cytometer (BD) and FlowJo software (Tree Star, Ashland, OR).
Immunofluorescence. Cytospins of BAL fluid were fixed with methanol solution containing 100 mM MES, 1 mM EGTA, and 1 mM MgCl 2 at 4°C. Terminal deoxynucleotidyltransferase-mediated dUDP nick-end labeling (TUNEL) was performed using the Dead End Fluorometric system (Promega, Madison, WI). Following TUNEL reaction, cells were labeled with Mac-3 Ab (BD) to identify macrophages. TUNEL staining and Mac-3 staining were also performed on lung histologic specimens that had been inflated with low melt agarose and fixed in 1% paraformaldehyde. Images were obtained with an Axiovert 200M Marianas digital microscopy workstation (Carl Zeiss, Oberkochen, Germany) equipped with Slidebook imaging software (Intelligent Imaging Innovations, Denver, CO). TUNEL staining was also performed on mouse lung sections that were inflated with low melt agarose and fixed in 1% paraformaldehyde.
Enzyme-linked immunosorbent assay. Cell free supernatant was isolated by centrifugation of BAL fluid. FasL in BAL fluid was quantified using a mouse FasL/TNFSF6 Quantikine ELISA kit (R&D Systems, Minneapolis, MN) and analyzed on a Quant microplate spectrophotometer (BioTek, Winooski, VT).
Statistical analysis. Data are presented as the means Ϯ SE. Data represent at least two independent experiments unless otherwise stated. Statistical analysis was performed using two-tailed t-test for unpaired samples or ANOVA when multiple comparisons were required (GraphPad Prism, La Jolla, CA).
RESULTS

FasL is expressed on T lymphocytes during the resolution of pulmonary inflammation.
To determine the time course of recruitment and clearance of inflammatory cells following LPS-induced pulmonary inflammation, C57Bl/6 mice were treated with intratracheal LPS and alveolar lavage was performed at interval time points. As shown in Fig. 1 , neutrophils peaked in the first 3 days of inflammation and were removed from the alveolus by day 6 (Fig. 1, A and C) . Following neutrophil clearance, the predominant cells in the alveolus were AM⌽s and lymphocytes ( Fig. 1, A and B) . AM⌽ apoptosis was increased on days 6 and 9 following LPS treatment, coincident with contraction of the AM⌽ pool (Fig. 1D) .
To test our hypothesis that T lymphocytes are an important source of FasL during the resolution of inflammation, the expression of FasL was analyzed on CD3 ϩ , CD4 ϩ , and CD8 ϩ T lymphocytes by flow cytometry (Fig. 2, A and B) . Both CD4 ϩ and CD8 ϩ T lymphocytes present in the BAL fluid expressed FasL (Fig. 2C) . Notably, soluble FasL was not detectable in the BAL fluid (data not shown). The CD8 T-lymphocyte subset was more numerous than the CD4 ϩ population at days 3 and 6 (Fig. 2D ). Since T lymphocytes can induce Fas-mediated apoptosis of activated macrophages in vitro and have been implicated in the resolution of pulmonary inflammation, we sought to determine whether lymphocytes were directly involved in AM⌽ apoptosis (1, 6) .
Lymphocytes enhance AM⌽ apoptosis in the resolution of inflammation. To assess the effect of lymphocytes on AM⌽ kinetics, we treated C57BL/6 and lymphocyte-deficient mice (Rag-1 Ϫ/Ϫ ) with intratracheal LPS. As shown in Fig. 3 , the number of AM⌽s peaked in C57BL/6 mice 3 days after LPS administration and then slowly returned to baseline values as inflammation resolved. In contrast, AM⌽ levels remained elevated in lymphocyte-deficient animals.
We hypothesized that the lack of contraction of the AM⌽ pool observed in lymphocyte-deficient mice was due to decreased apoptosis. To test this, cell death was quantified using both flow cytometry and immunofluorescence on AM⌽ isolated from alveolar lavage on day 6. The percentage of AM⌽s with activated caspase-3 was decreased in lymphocyte-deficient mice, indicating reduced rates of apoptosis (Fig. 4, A and B) . TUNEL, which labels DNA strand breaks in situ, confirmed diminished cell death of AM⌽s in lymphocyte-deficient mice (Fig. 4, C and D) . Since BAL does not remove all macrophages from the airspaces, TUNEL was also performed on lung tissue specimens. Our finding of diminished AM⌽ cell death, previously identified in the BAL fluid of lymphocyte-deficient mice, was confirmed in tissue samples (Fig. 4E) .
Lymphocytes expressing FasL enhance apoptosis and contraction of the AM⌽ pool during the resolution of lung inflammation. To determine whether lymphocytes enhance AM⌽ apoptosis, lymphocytes were isolated from the spleens of donor mice and adoptively transferred by tail vein injection into LPS-treated Rag-1 Ϫ/Ϫ mice. To demonstrate the feasibility of this approach, lymphocytes were isolated from the spleens of mice whose cells express enhanced GFP and then adoptively transferred into LPS-treated mice. Greater than 97% of T lymphocytes present in the BAL were of donor (GFP ϩ ) origin.
Conversely, the AM⌽s were universally GFP negative indicating that they were of recipient origin (data not shown).
To test the hypothesis that FasL-expressing lymphocytes mediate macrophage apoptosis during the resolution of inflammation, we adoptively transferred lymphocytes isolated from the spleens of wild-type mice or mice with a nonfunctional mutation of FasL (gld) into LPS stimulated Rag-1 Ϫ/Ϫ mice (45). Consistent with our hypothesis, recipients of gld lymphocytes had increased numbers of AM⌽s at day 9 relative to recipients of FasL-expressing lymphocytes (Fig. 5A) . Apoptosis of AM⌽s was also diminished in the gld recipients (Fig.  5B) . Critically, more lymphocytes were present in the alveolar lavage fluid of gld lymphocyte-recipient mice, indicating that mutation of FasL did not impair lymphocyte transmigration (data not shown). Together, these data demonstrate that FasL ϩ lymphocytes enhance contraction of the AM⌽ pool by inducing macrophage apoptosis.
FasL-expressing CD8 ϩ lymphocytes induce apoptosis of AM⌽ during the resolution of lung inflammation. We next sought to determine whether CD4 ϩ or CD8 ϩ T lymphocytes were preferentially responsible for the induction of AM⌽ apoptosis. Accordingly, CD4
ϩ and CD8 ϩ lymphocytes were purified by magnetic bead selection from the spleens of wild-type donor mice or mice with a nonfunctional mutation of FasL (gld) and then adoptively transferred into LPS-treated Rag-1 Ϫ/Ϫ mice. Macrophage counts in the BAL fluid were reduced in mice that received wild-type CD8 ϩ T lymphocytes relative to animals that received wild-type CD4 ϩ T lymphocytes or gld CD8 ϩ T lymphocytes (Fig. 6A) . As shown in Fig. 6B , AM⌽ apoptosis was also greater in animals that received FasL-expressing CD8 ϩ T lymphocytes compared with their counterparts that received CD4 ϩ T lymphocytes or gld CD8 ϩ T lymphocytes. These results demonstrate that CD8 ϩ lymphocytes are significant contributors to AM⌽ apoptosis during the resolution of inflammation and suggest that the effect is mediated by the expression of FasL on their surfaces.
DISCUSSION
During acute pulmonary inflammation, there is a marked increase in the number of macrophages in the lungs. Resolution of inflammation is accompanied by a return of the macrophage pool to preinjury levels. We have previously identified that this is driven by Fas/FasL-mediated apoptosis of AM⌽s (23) . The results herein demonstrate for the first time that FasL-expressing lymphocytes are critical drivers of macrophage apoptosis in the lungs and that CD8 ϩ T cells are the prime mediators of this effect.
Our data identify CD8 ϩ T lymphocytes as potent inducers of AM⌽ apoptosis. Furthermore, our studies suggest that CD8 ϩ T-lymphocyte induction of AM⌽ apoptosis is FasL dependent. To our knowledge, this represents the first reported link between FasL-expressing CD8 ϩ T lymphocytes and macrophage death during the resolution of inflammation. The observation that FasL-expressing lymphocytes enhance AM⌽ apoptosis originated from our studies that used adoptive transfer of gld T lymphocytes, which possess a nonfunctional mutation of FasL. Recipients of gld T lymphocytes had diminished rates of apoptosis. However, mutation of FasL on T lymphocytes may fundamentally alter their biological behavior. To attempt to address this limitation, serial intratracheal treatments of FasL blocking antibody were administered to LPS-treated Rag Ϫ/Ϫ mice that had also received adoptive transfer of FasL-sufficient donor CD8 ϩ T lymphocytes. We hypothesized that recipients of the FasL blocking antibody would have diminished rates of AM⌽ apoptosis due to blockade of the Fas-FasL interaction. However, there was no appreciable difference in macrophage numbers between the FasL blocking antibody or isotype control recipient groups (data not shown). In fact, repeated intratracheal instillations led to abundant neutrophilic inflammation in both groups, making it difficult to make solid conclusions regarding the specificity of FasL induction of macrophage apoptosis in this experimental system.
Our studies utilized adoptive transfer of FasL-expressing and FasL mutant T lymphocytes into Rag-1 Ϫ/Ϫ mice to dem- ϩ , CD4 ϩ , and CD8 ϩ T lymphocytes in the BAL fluid from LPS-treated mice on day 6; representative sample; n ϭ 6; 2 replicates. D: CD4 and CD8 counts in the BAL fluid following LPS treatment; n Ն 6 mice per time point; 2 replicates. onstrate the role of FasL-expressing T lymphocytes in AM⌽ apoptosis. Others have observed that inflammatory macrophages can express FasL, which we have confirmed in our studies (data not shown) (8) . It is therefore intriguing to speculate that FasL-expressing macrophages may also be capable of inducing the death of neighbors that come in direct contact.
It is important to note that our studies focused on the alveolar compartment where the vast majority of lung macrophages reside during inflammation (4). Whether or not tissuebased macrophages undergo apoptosis during the resolution of inflammation remains unanswered. In large part, this reflects the fact that the standard techniques that are commonly used to isolate tissue-based macrophages (i.e., lung digestion) can lead to cell damage and death. As an alternative approach, we assessed TUNEL staining in macrophages using immunofluorescent microscopy on lung histologic sections. While these lung sections validated our findings seen in the lavage fluid, we were unable to reliably identify adequate numbers of interstitial macrophages due to their relative scarcity to comment on apoptosis in this population. TUNEL staining was also performed on tissue sections to address the disparate rates of BAL AM⌽ cell death as quantified by activated caspase-3 and TUNEL (0.71 and 29%, respectively) in lymphocyte-sufficient animals. Notably, AM⌽ apoptosis rates, as defined by these two markers, were similar in the lymphocyte-deficient mice (0.56 and 0.6%). TUNEL staining of AM⌽s tissue sections from wild-type mice confirmed that AM⌽ cell death was increased in the lymphocyte-sufficient mice. We believe that the disparity seen in our activated caspase-3 and TUNEL results reflects the inherent fragility of the apoptotic cell and the degree of processing required to assess apoptosis by flow cytometry (activated caspase-3) vs. microscopic visualization (TUNEL).
Our data implicating FasL in the resolution of acute pulmonary inflammation are notable since activation of the Fas-FasL axis in the alveolus has traditionally been associated with inflammation and tissue injury (33) (34) (35) . For example, high concentrations of soluble FasL are found in BAL fluid from patients with the acute respiratory distress syndrome (35) . Adding this FasL-rich fluid to cultured alveolar epithelial cells induces their death. Similarly, instillation of recombinant FasL into the lungs of healthy rabbits leads to epithelial cell apoptosis and neutrophilic inflammation (34) . Along similar lines, activation of Fas on cells of the monocyte/macrophage lineage has been shown to upregulate the production of proinflammatory cytokines and neutrophil chemoattractants (15, 19, 27, 39, 46) . In comparison, our data demonstrate that activation of Fas on AM⌽s enhances the resolution of inflammation (23) . Accordingly, we propose a biphasic role for the Fas-FasL axis in the lungs, whereby during early inflammation FasL is proinflammatory and potentiates alveolar epithelial cell apoptosis. Conversely, during the resolution of inflammation, FasL induces apoptosis of recruited inflammatory cells and facilitates return of the alveolus to its preinjured state.
While FasL-expressing CD8 ϩ T lymphocytes have previously been shown to induce apoptosis of lymphocytes and hepatocytes, macrophages have not heretofore been identified as a target cell (41, 45, 52) . Similarly, although FasL can be expressed by most T-lymphocyte subsets (7, 18, 22, 52) , evidence of a direct link to macrophage apoptosis in vivo is lacking. For instance, CD4 ϩ T lymphocytes can be programmed to express FasL to induce apoptosis of macrophages in culture (1, 20, 22, 38, 42) but induction of macrophage apoptosis by FasL-expressing CD4 ϩ T lymphocytes in vivo is not described. The regulatory subset of CD4 ϩ T lymphocytes (CD4 ϩ CD25 ϩ ) can express FasL, but they do not directly induce monocyte/macrophage apoptosis through Fas (22) . Rather, it is thought that they render macrophages susceptible to cell death by altering macrophage activation and programming (22, 49) . ␥␦ T lymphocytes comprise an additional T-lymphocyte subset that can induce apoptosis of activated macrophages in a FasL-dependent manner ex vivo (7, 29) . Intriguingly, ␥␦ T-lymphocyte-deficient mice have increased numbers of AM⌽s following streptococcal pneumonia, which the authors suggest occurs due to impaired induction of AM⌽ apoptosis (29) . Notably, ␥␦ T lymphocytes were not excluded by our lymphocyte purification methods. As such both our CD4 ϩ -and CD8 ϩ -recipient mice also received adoptive transfer of ␥␦ T cells although these cells made up Ͻ2% of the transferred CD3 ϩ T lymphocytes. We propose that both ␥␦ and CD8 ϩ T lymphocytes may be capable of inducing AM⌽ apoptosis in vivo and that the predominant subset responsible may be influenced by the initial source of inflammation.
While AM⌽ apoptosis was enhanced in recipients of FasLexpressing CD8 ϩ T lymphocytes, our studies do not exclude induction of AM⌽ apoptosis by CD4 ϩ T lymphocytes. Both CD4 ϩ and CD8 ϩ T lymphocytes express comparable levels of FasL in our model system. However, CD8
ϩ T lymphocytes were more prevalent than CD4 ϩ T lymphocytes in wild-type mice treated with LPS. As such, preferential recruitment of CD8 ϩ T lymphocytes in early LPS-induced pulmonary inflammation may be responsible for the enhanced AM⌽ apoptosis seen in CD8 ϩ T-lymphocyte recipients. Further studies are required to characterize the CD8 ϩ T cells responsible for apoptosis induction and the specificity of this response. We hypothesize that CD8 ϩ T cells responsible for AM⌽ apoptosis highly express CD44, which regulates their migration to the alveolus and enhances their FasL expression (2, 37) .
T lymphocytes may also influence the resolution of pulmonary inflammation independently of their effects on macrophage apoptosis. For example, CD4 ϩ CD25 ϩ regulatory T lymphocytes attenuate the exudative phase of inflammation by downregulating proinflammatory cytokine production and enhancing neutrophil apoptosis (6) . Importantly, their role in the later phases of inflammation (including the regulation of AM⌽ apoptosis) has not been fully studied. Ex vivo studies have not demonstrated CD4 ϩ CD25 ϩ T-lymphocyte-mediated macrophage apoptosis (22) . However, it is enticing to speculate that through the mechanisms described above, CD4
ϩ CD25 ϩ T lymphocytes may alter the alveolar environment thereby rendering AM⌽s susceptible to proapoptotic stimuli. In this context, we propose that CD4 ϩ CD25 ϩ T lymphocytes are critical for attenuating the early, neutrophilic phase of pulmonary inflammation, whereas CD8 ϩ T lymphocytes and/or ␥␦ T lymphocytes regulate the clearance of macrophages in the later phases of the resolution of inflammation.
While our findings demonstrate a novel role for FasLexpressing lymphocytes induce apoptosis in macrophages is reflective of the critical biological importance of macrophage death in the resolution of inflammation. Death receptor expression on the macrophage and the presence of a death ligand alone are not sufficient to induce apoptosis: macrophages must also be rendered susceptible to apoptosis. In this context, Fas-mediated apoptosis requires simultaneous upregulation of Fas on the macrophage and downregulation of antiapoptotic molecules such as Fas-associated death-domain-like IL-1␤-converting enzyme inhibitory protein (c-FLIP) (5, 40) . Expression of proand antiapoptotic molecules by macrophages may be influenced by a number of factors including the nature of the inflammatory stimulus (e.g., viral vs. bacterial infection), environmental conditions, and the kinetics of the inflammatory response. Clinically, this paradigm has been demonstrated in the inflamed joints of patients with rheumatoid arthritis. Relative to synovial macrophages from healthy controls, the macrophages from these patients are resistant to Fas/FasLmediated induction of apoptosis (28, 40) . Consequently, further investigation is required to determine the mechanisms that regulate expression of pro-and antiapoptotic proteins by AM⌽ and also how the timing of macrophage apoptosis may impact the onset of inflammation vs. the resolution of inflammation.
T lymphocytes are only one of the cell types capable of inducing AM⌽ apoptosis. For example, neutrophils secreting TRAIL induce AM⌽ apoptosis in a Streptococcus pneumoniae infection model of pulmonary inflammation (43) . Monocytes in vitro induce monocyte apoptosis in an autocrine or paracrine FasL-dependent manner (3, 27) . However, cultured macrophages were relatively resistant to FasL-induced apoptosis (27) . We propose that this reflects antiapoptotic molecule expression related to culture conditions, rendering macrophages resistant to FasL-mediated apoptosis, rather than an ϩ T lymphocytes or FasL mutant (gld) CD8 ϩ lymphocytes. B: AM⌽ activated caspase-3 expression on day 9 following LPS treatment and T-lymphocyte adoptive transfer; n ϭ 3-7 mice per group; 2 replicates, with exception of CD8 ϩ gld ϭ 1 replicate. *P Ͻ 0.05.
inability of macrophages to induce apoptosis in other macrophages. Removal of apoptotic cells by macrophages attenuates the innate immune response by suppressing the production of proinflammatory cytokines, enhancing the production of proresolution cytokines, and promoting the release of growth factors (13, 21, 50) . Efficient clearance of apoptotic cells by macrophages also prevents the proinflammatory effects induced by secondary necrosis of uncleared dying cells (9, 47) . Apoptosis and clearance of AM⌽s by neighboring macrophages are further required to resolve acute inflammation and restore the alveolus to its preinflammatory state (23) . Failure of these processes results in macrophage persistence, which is associated with chronic inflammation and fibrosis (16, 30) . Conversely, appropriately timed depletion of macrophages in models of chronic inflammation attenuates the development of tissue fibrosis and hastens tissue repair (10, 17) .
Our data demonstrate that FasL-expressing T lymphocytes recruited to the alveolus, specifically CD8 ϩ T lymphocytes, induce AM⌽ apoptosis to enhance the resolution of pulmonary inflammation. It is therefore enticing to speculate that strategies that target FasL against AM⌽s represent a potential therapeutic approach for the treatment of nonresolving pulmonary inflammatory disorders.
